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We calculate next-to-leading order (NLO) QCD corrections to electroweak Higgs plus three jet
production. Both vector boson fusion (VBF) and Higgs-strahlung type contributions are included
along with all interferences. The calculation is implemented within the Matchbox NLO framework
of the Herwig++ event generator.
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I. INTRODUCTION
Higgs production via vector boson fusion (VBF) is an
essential channel at the LHC for disentangling the Higgs
boson’s coupling to fermions and gauge bosons. The ob-
servation of two tagging jets is crucial to reduce the back-
grounds. Furthermore, the possibility to identify Higgs
production via VBF is enhanced by being able to increase
the signal to background ratio by vetoing additional soft
radiation in the central region [1–7], since this suppresses
important QCD backgrounds, including Hjj via gluon
fusion.
To exploit the central jet veto (CJV) strategy for Higgs
coupling measurements, the reduction factor caused by
the CJV on the observable signal must be accurately
known. The fraction of VBF Higgs events with at least
one additional veto jet between the tagging jets provides
the relevant information, i.e., we need to know the ratio
of Hjjj production to the inclusive cross section of Hjj
production via VBF. Gluon fusion NLO QCD corrections
for Hjjj within the top effective theory approximation
have been recently computed in [8], a validation of the
effective theory approximation at LO for this process can
be found in [9].
At present, the NLO QCD corrections of Hjjj via
VBF were calculated [10] with several approximations
and without the inclusion of five- and six-point function
diagrams (Fig. 1, second row) and the corresponding real
emission cuts, which were estimated to contribute at the
per mille level. However, some studies [5] suggest that
the contribution of the missing pieces can be larger. Due
to the importance of the process to Higgs measurements,
a full calculation is necessary to ensure that integrated
cross sections and kinematic distributions are not under-
estimated.
In this letter, we present results for electroweak Higgs
plus three jet production at NLO QCD. In Section II,
we present technical details of our computation. In Sec-
tion III, we present numerical results and the impact
of the NLO QCD corrections on various differential dis-
tributions. Finally, we summarize our findings in Sec-
tion IV.
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FIG. 1. Representative examples of diagrams of Hjjj pro-
duction via vector boson fusion.
II. CALCULATIONAL DETAILS
For the calculation of the LO matrix elements for Higgs
plus two (we have performed the Hjj calculation in par-
allel within the same framework), three and four jets,
we have used the builtin spinor helicity library of the
Matchbox module [11] to build up the full amplitude from
hadronic currents. For the Born-virtual interference the
helicity amplitude methods described in [12] have been
employed. Both methods resulted in two different im-
plementations of the tree level amplitudes which have
been validated against each other, including color cor-
related matrix elements. The LO implementation has
further been cross checked against Sherpa [13, 14] and
Hawk [15, 16]. The dipole subtraction terms [17] have
been generated automatically by the Matchbox mod-
ule [11], which is also used for a diagram-based mul-
tichannel phase space generation. For the virtual cor-
rections, we have used in-house routines, extending the
techniques developed in [18]. The amplitudes have been
cross checked against GoSam [19]. A representative set
of topologies contributing are depicted in Fig. 1.
For electroweak propagators, we have introduced finite
width effects following [20], using complex gauge boson
masses and a derived complex value of the sine of the
weak mixing angle. We used the OneLoop library [21]
2which supports complex masses to calculate the scalar
integrals. For the reduction of the tensor coefficients up
to four-point functions, we apply the Passarino-Veltman
approach [22], and for the numerical evaluation of the five
and six point coefficients, we use the Denner-Dittmaier
scheme [23], following the layout and notation of [18].
To ensure the numerical stability of our code, we have
implemented a test based on Ward identities [18]. These
Ward identities are applied to each phase space point and
diagram, at the expense of a small additional computing
time and using a cache system. If the identities are not
fulfilled, the amplitudes of gauge related topologies are
set to zero. The occurrence of these instabilities are at
the per-mille level, and therefore well under control. This
method was also successfully applied in other two to four
processes [24, 25]. In the present work, it is applied for
the first time to a process which involves loop propagators
with complex masses.
The color algebra has been performed using ColorFull
[26] and double checked using ColorMath [27]. Within
the same framework, we have implemented the corre-
sponding calculation of electroweak Hjj production and
performed cross checks against Hawk [15, 16].
III. NUMERICAL RESULTS
In our calculation, we choose mZ = 91.188GeV,
mW = 80.419002GeV, mH = 125GeV and GF =
1.16637 × 10−5GeV−2 as electroweak input parameters
and derive the weak mixing angle sin θW and αQED from
standard model tree level relations. All fermion masses
(except the top quark) are set to zero and effects from
generation mixing are neglected. The widths are calcu-
lated to be ΓW = 2.0476 GeV and ΓZ = 2.4414 GeV.
We use the CT10 [28] parton distribution functions with
αs(MZ) = 0.118 at NLO, and the CTEQ6L1 set [29] with
αs(MZ) = 0.130 at LO.We use the five-flavor scheme and
the center-of-mass energy is fixed to
√
s = 14TeV.
To study the impact of the QCD corrections, we use
minimal inclusive cuts. We cluster jets with the anti-
kT algorithm [30] using FastJet [31] with D = 0.4, E-
scheme recombination and require at least three jets with
transverse momentum pT,j ≥ 20 GeV and rapidity |yj | ≤
4.5. Jets are ordered in decreasing transverse momenta.
In Figure 2, we show the LO and NLO total cross-
sections for inclusive cuts for different values of the fac-
torization and renormalization scale varied around the
central scale, µ for two scale choices, MW /2, and the
scalar sum of the jet transverse momenta, µR = µF =
µ = HT /2 with HT =
∑
j pT,j . In general, we see a
somewhat increased cross section and - as expected - de-
creased scale dependence in the NLO results. We also
note that the central values for the various scale choices
are closer to each other at NLO. The uncertainties ob-
tained by varying the central value a factor two up and
down are around 30% (24%) at LO and 2% (9%) at NLO
using HT /2 (MW /2) as scale choice. At µ = HT /2, we
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FIG. 2. The Hjjj inclusive total cross section (in fb) at LO
(cyan) and at NLO (blue) for the scale choices, µ = ξMW
(dashed) and µ = ξHT (solid). We also show the K-factor,
K = σNLO/σLO for µ = ξMW (dashed) and µ = ξHT (solid).
obtained σLO = 1520(8)
+208
−171 fb σNLO = 1466(17)
+1
−35
fb. Studying differential distributions, we find that these
generally vary less using the scalar transverse momentum
sum choice, used from now on.
In the following, we show some of the differential dis-
tributions which characterize the typical vector boson fu-
sion selection cuts and central jet veto strategies as well
as the pT spectrum of the Higgs.
For the leading jets (defined to be the two jets with
highest transverse momenta pT,1 and pT,2), we show the
rapidity difference in Fig. 3. Generally, we find small
differences in shape compared to the LO results.
In Figure 4, the differential distribution for the pT of
the Higgs is shown. The NLO corrections are moderate
over the whole spectrum and the scale uncertaities are
clearly smaller.
In Figure 5, the differential distribution of the third jet,
the vetoed jet for a CJV analysis, is presented. Here we
find large differences in the high energy tail of the trans-
verse momentum distribution. Such high energy jets are
significantly enhanced at NLO.
We also study the normalized centralized rapidity dis-
tribution of the third jet w.r.t. the tagging jets, z∗3 =
(y3 − 12 (y1 + y2))/(y1 − y2). This variable beautifully
displays the VBF nature present in the process. One
clearly sees how the third jet tends to accompany one of
3HJets++
LO
NLO
1
10 1
10 2
Rapidity difference of first and second jet
d
σ
/
d
∆
y
1
2
[f
b
]
0 2 4 6 8 10
0.6
0.8
1
1.2
1.4
∆y12
K
FIG. 3. Rapidity difference differential distribution of the
leading jets. Cuts are described in the text. The bands cor-
respond to varying µF = µR by factors 1/2 and 2 around the
central value HT /2.
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FIG. 4. Differential cross section and K factor for the pT of the
Higgs. Cuts are described in the text. The bands correspond
to varying µF = µR by factors 1/2 and 2 around the central
value HT /2.
the leading jets appearing at 1/2 and −1/2 respectively.
This effect is expected to be yet more pronounced when
VBF cuts are applied, and should be contrasted with the
gluon fusion production mechanism where radiation in
the mid-rapidity will be much more common due to the
t-channel color flow of the process [5, 7–9]. Note also
that the ordering of the leading jets in transverse mo-
menta generates an asymmetric radiation pattern. There
is more radiation around z∗3 = 1/2 corresponding to emis-
sion of the third jet along the first leading jet, y3 = y1.
Additionally, we remark, however, that studying the ra-
pidity distribution of the third jet alone does not display
the same characteristic pattern; here the peaks accompa-
nying the forward jets in the VBF region are completely
smeared out (not shown here).
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FIG. 5. Differential cross section and K factor for the pT of
the third hardest jet. Cuts are described in the text. The
bands correspond to varying µF = µR by factors 1/2 and 2
around the central value HT /2.
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FIG. 6. Differential cross section and K factor for the normal-
ized centralized rapidity distribution of the third jet w.r.t. the
tagging jets. Cuts are described in the text. The bands cor-
respond to varying µF = µR by factors 1/2 and 2 around the
central value HT /2.
4IV. CONCLUSIONS
In this letter, complete results at NLO QCD order for
electroweak Higgs production in association with three
jets have been presented. The NLO corrections to the
total inclusive cross section are moderate for the inclu-
sive cuts and a central scale ofHT /2 considered here, but
can be more significant for a scale choice ofMW /2. How-
ever, they exhibit a non-trivial phase space dependence
reflected in non-constant differential K-factors, particu-
larly for jet pT spectra. The scale uncertainty signifi-
cantly decreases from around 30% (24%) at LO down to
about 2% (9%) at NLO using HT /2 (MW /2).
Despite our inclusive cuts and the possibility to radi-
ate jets in the central region, Higgs + 3 jets prefer VBF
kinematics as seen in the z∗ differential distribution. A
detailed discussion of VBF and jet vetoes will be given
elsewhere. Results including the effect of parton show-
ering are also anticipated. The code is available upon
request and will be publicly available in the near future.
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